Candida albicans is a common component of the mucosal microflora of many neonatal and adult warm-blooded mammals (25) . Under natural conditions, neonates acquire C. albicans from their mothers early in life, and the yeast usually persists as a minor and innocuous component of the mucosal flora thereafter. Apparently, the normal bacterial flora inhibits the growth of C. albicans in the alimentary tract since oral therapy with antibacterial antibiotics often results in dramatic increases in the number of viable C. albicans on mucosal surfaces (1, 7, 10, 32) .
The notoriety of C. albicans stems from the fact that it can cause mucosal, cutaneous, or even life-threatening systemic diseases in many patients who are immunologically compromised through disease or as a consequence of immunosuppressive and cytotoxic therapy (8, 15, 22, 30) . Mucocutaneous disease is the most prevalent form of candidiasis in humans (8, 15, 25) . Systemic candidiasis is also thought to originate from endogenous populations of C. albicans in the alimentary tract (16, 22) . Unfortunately, very little is known about host Candida interactions at mucosal surfaces, immunity to mucosal candidiasis, or the factors that trigger C. albicans to switch from a commensal to an invasive pathogen.
One of the reasons for the paucity of information on immunity to mucosal candidiasis is the lack of a good animal model of the disease. Most conventional (commercial) mice used in research are the progeny of rodents that were originally obtained by cesarean section, raised in barrier facilities, and colonized with a poorly defined number of largely unspeciated bacteria. Since they are purchased either specific pathogen free or with a defined flora of bacteria, they usually do not harbor C. albicans on their mucosal surfaces. It is possible to establish C. albicans in the alimentary tract of conventional neonatal mice by gavaging them with large doses of viable yeast cells (107 to 108/0.5 ml) after a 6-to 8-h starvation period (9, 10, 13, 27, 28) . About 50 to 60% of the gavaged pups succumb to the latter traumatic procedure, but the alimentary tracts of survivors are colonized with a low number (103 to 104/g) of C. albicans for at least 3 to 10 weeks. Recently, Hector and Domer (11) reported that they were able to establish C. albicans in the alimentary tract of conventional neonatal mice by inoculating the mammary glands of the lactating mothers with viable blastospores and allowing the infants to suckle. It is worth noting that all conventional animal models of mucosal candidiasis will very likely, as in patients with mucosal candidiasis (3, 23, 24) , be contaminated with bacteria.
Germfree (GF) animals are uniquely suited for studies of mucosal candidiasis. Several investigators have demonstrated that the alimentary tract of adult GF animals is quickly and permanently colonized after they are inoculated (orally) with a pure culture of C. albicans 1, 2, 4, 12, 14, 17-20, 24, 26, 33) . Although low numbers (<10/g of tissue) of C. albicans can be isolated from the internal organs of these "C. albicans-monoassociated" rodents (4, 12, 14, 17-20, 24, 26, 33) , neither morbidity nor extensive mucocutaneous or systemic disease has been observed in adult nu/nu, +/nu, or euthymic (+/+) rodents (4, 12, 14, 17-20, 24, 26, 33) .
No one has assessed the capacity of C. albicans to adhere, colonize, or infect the skin and mucosal surfaces of GF neonatal (nu/nu, +/nu, or +/+) mice. Children with DiGeorge syndrome or other defects in thymus-dependent Tcell-mediated immunity are particularly predisposed to developing mucocutaneous candidiasis (15) . Conversely, APPL. ENVIRON. MICROBIOL. candidiasis than their heterozygous littermates (5, 29) . Data from children with mucocutaneous candidiasis have primarily been responsible for the hypothesis that thymus-dependent, cell-mediated immunity is essential for human resistance to mucosal candidiasis (15, 25) .
The purpose of this study was to assess the capacity of C. albicans to colonize mucosal surfaces and skin of adult or neonatal (nu/nu or +/nu) mice that were born either GF or to C. albicans-colonized ( Because of their small size, it was sometimes necessary to culture the tissues and contents of the whole intestinal tract of neonatal mice. The tissues and areas of the alimentary tract cultured in neonates are detailed in the appropriate tables of data.
Histology. Tissues from C. albicans-monoassociated mice were excised and immediately placed into Hollande-Bouin's fixative. The tissue was embedded in paraffin, sectioned, and stained with periodic acid-Schiff, azure A-eosin B, or hematoxylin and eosin stain.
SEM. Procedures for the preparation and fixing of mucosal tissues for scanning electron microscopy (SEM) have been described previously (12, 19) . Briefly, segments of mucosal surfaces are quickly removed from the killed animal and placed in vials that contain cold (4°C) 0.1 M cacodylatebuffered glutaraldehyde (2.5%). The glutaraldehyde-fixed samples are then rinsed in 0.1 M cacodylate buffer, postfixed in osmium tetroxide, again rinsed in cacodylate buffer, and dehydrated in water-ethanol or ethanol-amyl acetate. Tissues are then critical point dried, fixed to aluminum stubs, coated with gold-palladium, and examined under a JEM U3 or a JEOL 50A scanning electron microscope at 15 to 20 kV.
RESULTS
Adult GF athymic and GF thymus-bearing mice quickly (within 24 to 48 h) become colonized with large numbers (107 to 108/g of intestinal contents) of C. albicans. The alimentary tracts of these adult heterozygous (+/nu) or athymic (nu/nu) mice contain consistently large numbers of viable C. albicans (-3 x 107/g of cecal contents) for at least 6 months after colonization. No viable C. albicans was recovered from the systemic organs of adult, C. albicans-monoassociated, nude, or heterozygous mice during the first 3 days after oral challenge. Thereafter, the number of viable C. albicans recovered from systemic organs was always at the lower threshold of detection by our assay (<10 organisms per g). Thus, C. albicans can readily colonize the alimentary tract of adult athymic or heterozygous (+/nu) GF mice. Although small numbers of viable C. albicans can be isolated from their internal organs, the C. albicans-monoassociated mice did not manifest any obvious morbidity or mortality during this 6-month study. Although viable C. albicans was present in large numbers in the alimentary tract of adult nu/nu or +/nu mice, only minimal mucosal infection (i.e., hyphal invasion of mucosal surfaces) was found on the keratinized portion of the cardial-atrium section of the stomach (Fig. 1 ) and the posterior portion of the dorsal surface of the tongues.
SEM of various mucosal surfaces of C. albicans-monoassociated mice revealed yeast cells adherent to the following epithelial surfaces of adult mice that were colonized for at least 14 days: ventral surface of the tongue (Fig. 2) , cheek (Fig. 3) , and the vagina (Fig. 4) . Interestingly, the esophagus (a common site of chronic infection in humans), small intestine (duodenum, jejunum, ileum), cecum, and colon had very few yeast cells associated with their mucosal surfaces. Thus, in congenitally athymic or heterozygous littermate BALB/c mice, C. albicans adhered primarily to epithelial surfaces in the oral cavity, stomach, and vagina. C. albicans could not be detected in the gingival crevices, on tooth surfaces, or on mucosal surfaces in close proximity to the teeth. In the small and large intestines, C. albicans was observed primarily in the intestinal contents. Only occasionally were yeast cells seen entrapped in the mucous of the intestinal tract.
Histology of skin from monoassociated athymic or euthymic mice indicated that C. albicans did not cause a chronic infection (yeast or hyphae) in the stratum corneum. Although C. albicans could be cultured from swabs of skin surfaces (abdomen, back, etc.), this probably represented surface contamination and not a true colonization or infection of murine skin. Colonization of neonatal GF mice with C. albicans. To assess whether prior colonization of heterozygous mothers with C. albicans was responsible for inhibiting the capacity of C. albicans to colonize the alimentary tract of their pups, litters of GF (nu/nu or +/nu) mice and their heterozygous GF mother were introduced into an isolator that contained C. albicans-monoassociated mice. The GF mother was then exposed to C. albicans by putting a C. albicans-monoassociated mouse into the cages of the newly introduced GF mice. The adult mouse was colonized with C. albicans within 24 to 48 h. The GF litters introduced into the C. albicans-monoassociated isolators were of different ages (0 to 5, 6 to 10, 11 to 15, or 16 to 21 days of age). Three athymic and three heterozygous pups were removed from the isolator at 3, 10, and 21 days after they were introduced into the isolator and naturally exposed to C. albicans. The mice were killed immediately after removal from the isolator, and the number of viable C. albicans in their alimentary tract was assessed. Salient features of this experiment (Table 3) were as follows: (i) older GF pups (i.e., 11 to 21 days of age when exposed to viable C. albicans) were quickly (within 3 days) colonized with large numbers of viable C. albicans; (ii) younger GF pups (i.e., 0 to 10 days of age when exposed to viable C. albicans) had fewer viable C. albicans in their alimentary tract (especially in the stomach) than older pups (11 to 21 days); (iii) although low numbers of C. albicans were occasionally recovered from the internal organs of the pups, no morbidity or mortality was evident in the athymic or heterozygous C. albicans-monoassociated mice; and (iv) the only invasive hyphae observed by light microscopy and SEM were in the stomachs of pups that were more than 10 days of age.
Induced mucosal candidiasis. When adult C. albicansmonoassociated mice (nu/nu or +/nu) were injected with cyclophosphamide (150 mg/kg intraperitoneally), extensive infection (hyphal penetration) of their mucosal surfaces was evident within 5 to 7 days. Thus the C. albicans strain used in these studies is capable of causing mucosal candidiasis. Extensive hyphal penetration was observed on the tongue, cheeks, and stomach of the cyclophosphamide-treated mice.
Systemic immunity. Euthymic (+/+) or heterozygous (+/nu) conventional mice are more susceptible to systemic (renal) candidiasis than conventional athymic (nu/nu) mice (5, 29) . It has also been demonstrated that GF nude or heterozygous BALB/c mice both manifest resistance to a systemic challenge with C. albicans (17) . In this study, we subjected mice (nu/nu or +/nu) that were monoassociated with C. albicans for 4 to 6 weeks to an intravenous challenge with 104 viable C. albicans to assess their resistance to systemic (renal) candidiasis. The C. albicans-monoassociated mice (nu/nu or +/nu) were capable of clearing a systemic challenge ( Table 4 ). The heterozygous (+/nu) mice were able to clear the infectious challenge by day 17 after intravenous challenge. The athymic mice had low populations of C. albicans in the kidneys on day 33 but still showed a substantial capacity to decrease the number of viable C. albicans in their kidneys. The kidneys of GF mice (nu/nu or +/nu) challenged intravenously with a similar number of viable C. albicans remain chronically infected (102 to 103) viable C. albicans per g of tissue) for at least 45 days after inoculation. Thus, prior colonization with C. albicans apparently enhanced the resistance of +/nu, but not nu/nu, mice to a systemic challenge with C. albicans.
DISCUSSION
These studies demonstrate several important facets of murine resistance to mucosal and systemic candidiasis. Functional T-cells are thought to play an important role in acquired resistance to human candidiasis. It is already known that congenitally athymic mice are more resistant to renal candidiasis than their heterozygous littermates (5, 29) . In this study, athymic and littermate (+/nu) mice, even though heavily colonized with C. albicans on many mucosal It was also obvious from these studies that neonatal mice, whether born GF or to C. albicans-monoassociated mothers, were not colonized (alimentary tract) as quickly with C. albicans as were adult mice. Since C. albicans is easily isolated from the skin of adult C. albicans-monoassociated mice, it is very likely that the neonatal mice were continuously exposed to viable C. albicans. Heavy alimentary tract colonization occurred within 24 to 72 h in mice that were 10 days of age and older and appeared to coincide with the time period when the pups were more actively consuming laboratory chow. Since athymic pups are born to heterozygous (i.e., with a thymus) mothers, we thought that the transmission of cellular or humoral immune factors in the colostrum and milk of the +/nu mothers might account for the apparent ' Values represent pooled data from nude and heterozygous mice. resistance of their pups to C. albicans. We tried to have C. albicans-monoassociated athymic females deliver and raise pups; however, congenitally athymic mothers are poor lactators and are unable to take care of their pups for more than a couple of days. We were unable to detect (by culture and SEM) C. albicans in the alimentary tract of athymic pups (24 to 48 h old) that were born to C. albicans-monoassociated athymic females. We are still not certain as to why C. albicans does not quickly colonize the alimentary tract of gnotobiotic pups in large numbers since other investigators are apparently able to colonize pups (5 days of age) born to conventional female mice (10, 11, 27, 28) .
This delayed colonization in gnotobiotic neonates is not unusual since others have demonstrated that pups born to gnotobiotic mothers that are monoassociated with Clostridium botulinum (2), Listeria monocytogenes (6), or Roseburia cecicola (31) also appear to be slowly colonized with bacteria.
It is commonly believed that the microbial flora in conventional animals plays an important role in protecting the host from mucosal candidiasis (8, 12, 25, 30) . When conventional mammals (with complex flora) are treated with oral, broadspectrum antibiotics, C. albicans increases in numbers and can invade the mucosal tissues in the alimentary tract and in the vagina and at times can even cause systemic disease (15) . In GF mice (nu/nu or +/nu) which have had no prior experience with viable microbes (bacteria, fungi, etc.), C. albicans is unable to cause any extensive invasion of the skin, mucosal tissues, or systemic organs even though large populations of yeast cells readily adhere to many of their mucosal surfaces. The C. albicans strain we used in this study is capable of invading mucosal tissue, since treatment with cyclophosphamide (150 mg/kg of body weight, intraperitoneally) caused a massive increase in mucosal candidiasis (hyphal penetration of mucosal surfaces).
This gnotobiotic model has many advantages for studies on immunity to mucosal candidiasis over conventional animal models. There 
